ABSTRACT: A new water-soluble reactive perylene tetracarboxylic diimide derivative (PDI-pfp) is designed and synthesized that can realize fast imaging of the endoplasmic reticulum in living cells. The PDI-pfp comprises three functional moieties: perylene tetracarboxylic diimide as fluorescent backbone, poly(ethylene glycol) for providing good water disperse ability, and pentafluorophenol active ester as the reactive group under physiological condition. On the basis of covalent reaction between the active ester group of PDI-pfp and amine groups on cytomembrane, PDI-pfp can rapidly interact with cytomembrane, followed by uptake by living MCF-7 cells within 1 min and also exhibit low cell cytotoxicity. Furthermore, it is proved that PDI-pfp acts as a universal imaging agent for other types of cells. This fluorescent probe is of great potential for the application in the rapid imaging of organelles in cells.
■ INTRODUCTION
On account of the properties of intuition, multi-information, high sensitivity, and specificity, 1−6 indispensable and emerging fluorescent probes and materials for cell imaging have been greatly developed. 7−10 Compared to fluorescent proteins 11 and fluorescent nanoparticles, 12−16 organic dyes, which have smaller size, higher emission intensity, and broader available spectral range, play an important role in fluorescence imaging of cells. 17−20 Furthermore, the design and synthesis of advantageous cell imaging materials with good water solubility, high fluorescence quantum yield, good biocompatibility, and low cytotoxicity are extremely imperative.
Perylene tetracarboxylic diimide (PDI) and its derivatives with excellent redox and optical properties as well as superior photochemical and thermal stabilities 21−24 have been extensively applied in organic pigments, electrophotography, and photovoltaic cells. 25−28 Owing to the delocalized π-electronic rigid plane structure, PDI is endowed with high fluorescence quantum yield and, recently, has been widely utilized as a chromophore. 29 However, the hydrophobic backbone of PDI results in its poor solubility in aqueous solution, which has greatly limited its application in biological systems. Two strategies have been employed so far to enhance the water solubility of PDI: 1) the attachment of hydrophilic chains at the imide nitrogen of PDI; 30, 31 and 2) the introduction of charge groups at the bay region of PDI. 32 Pentafluorophenol active ester exhibits high reactivity with many functional groups, 33−35 especially with amino groups under physiological conditions. Therefore, pentafluorophenol ester as an active group could be used to facilitate fluorescent probe to enter cells because of the widely distributed amino groups on the cell surfaces. 36 In this work, we report the design and synthesis of a new water-soluble reactive perylene tetracarboxylic diimide derivative (PDI-pfp) with high brightness, good water solubility, and high chemical reactivity. By introducing oxylalkyl chains to PDI, the water solubility is enhanced without affecting its high fluorescence quantum yield because of the inappreciable influence of N-substituent for nodes of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) orbitals of PDI. 21 Pentafluorophenol active ester offers PDI-pfp a high reactive group to interact with cells. It was demonstrated that the PDI-pfp exhibited low cytotoxicity and sufficient fluorescence ability for rapid imaging of the endoplasmic reticulum (ER) in living cells.
■ RESULTS AND DISCUSSION
The synthetic procedure of PDI-pfp is shown in Scheme 1. The precursor molecule PDI−COOH was first synthesized by reacting perylene-3,4,9,10-tetracarboxylic dianhydride (PDI) and NH 2 -PEG 10 -COOH in imidazole at 130°C for 5 h with a yield of 70%. PDI-pfp was then prepared by esterification of PDI−COOH with pentafluorophenol in the presence of N,Ndimethylaminopyridine (DMAP) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) in dichlorome-thane overnight with a yield of 53%. All of the chemical structures were confirmed by the 1 H NMR and mass spectra. The photophysical properties of PDI−COOH and PDI-pfp were investigated in aqueous solution because the linkage of low toxic and uncharged alkoxy chains extremely enhanced their solubility. UV−vis absorption and fluorescence emission spectra of PDI and PDI-pfp were measured in aqueous solution. As shown in Figure 1 , owing to the fact that both PDI−COOH and PDI-pfp consist of the same backbones, they exhibited quite similar absorption with a maximum peak at 498 nm. On the basis of Lambert Beer's law, molar absorption coefficients of PDI−COOH and PDI-pfp were calculated to be 2.7 × 10 5 and 1.9 × 10 5 M −1 cm −1 , respectively. Moreover, PDI-pfp has nodes in the orbital HOMO and LUMO at nitrogen atoms, which cause decoupling of single bonds between nitrogen atoms and substitutions.
14 Thus, compared to the precursor molecule PDI−COOH, there is less influence on the fluorescence of PDI-pfp. PDI-pfp exhibited a bright green fluorescence with a maximum emission at 548 nm and an absolute fluorescence quantum yield of 0.35 in aqueous solution, which shows good potential for fluorescent imaging.
Low cytotoxicity is necessary for fluorescent probes to be utilized in cell imaging and biology applications. 37 Cytotoxicities of PDI-pfp and PDI−COOH were investigated through a standard MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay, in which optical density values of formazan reduced from MTT by dehydrogenase in mitochondria of viable cells were measured. In this experiment, MCF-7 cells were incubated in 96-well culture plates treated with different concentrations of PDI and PDI-pfp for 30 min. Then, the supernatant was discarded, and MCF-7 cells were continuously cultured in fresh Dulbecco's modified Eagle's medium (DMEM) for the next 24 h, and cell viabilities were measured and calculated. As shown in Figure 2 , PDI−COOH displayed nearly nontoxic behavior up to 10 μM concentration, whereas PDI-pfp also exhibited less cytotoxicity at concentrations lower than 10 μM, indicating their good biocompatibility for cell imaging.
The ability of imaging for living cells of PDI-pfp was then determined using MCF-7 cells. To investigate the effect of pentafluorophenol active esters of PDI-pfp on cell imaging, PDI−COOH without pentafluorophenol active esters was also studied as control. To accomplish this, considering the cell viability in Hank's balanced salt solution (HBSS), the incubation time was set as 30 min. MCF-7 cells were treated with PDI−COOH and PDI-pfp for 30 min, and the treated cells were washed with Hank's balanced salt solution (HBSS), followed by the addition of serum-free medium into the plates for confocal laser scanning microscopy (CLSM) characterization. As shown in Figure 3 , PDI-pfp with pentafluorophenol active esters as terminal groups could uptake into MCF-7 cells and well stain cells. It is noted that MCF-7 cells internalized by PDI-pfp were observed in a good condition. Compared with PDI-pfp, PDI−COOH with carboxyl groups at the terminal position being negatively charged in aqueous solution is believed to be repelled by the negatively charged membrane of cells, leading to no interaction between PDI−COOH and MCF-7 cells. Furthermore, the imaging results indicated that PDI-pfp with higher concentration (10 μM) stains cells better than that with lower concentration (5 μM). To further confirm the localization of PDI-pfp inside cells, MCF-7 cells were incubated with PDI-pfp for 30 min, and then dyes using specific imaging of organelles in cells were added. It was observed that the location of PDI-pfp was well overlapped with that of ER Tracker Red, which is used for specific staining of the endoplasmic reticulum (ER) in cells (Figure 4a ), while poor overlaps were seen with those of other organelle-specific dyes. A white line that was randomly selected in the fluorescent image of MCF-7 cells was chosen for obtaining the Pearson coefficient (Figure 4b ). The value of the Pearson coefficient was calculated to be 0.79178, which showed that PDI-pfp was uptaken into cells and mainly located in the endoplasmic reticulum.
Rapid imaging of cells is an overwhelming superiority of biomaterials. The incubating times of cells with PDI-pfp at 1, 5, 10, 30, and 60 min were set as a time node to investigate the imaging ability of PDI-pfp toward cells. Figure 5a demonstrates that PDI-pfp could be internalized immediately and distributed in the cytoplasm of MCF-7 cells even within 1 min. With the extension of incubation time, the accumulation amount of Figure 5b ,c, similar imaging results for HeLa cells and 293T cells by PDI-pfp were observed as that of MCF-7 cells. Thus, PDI-pfp exhibits great potential for application in the rapid imaging of cells within 1 min. The uptake is the main driving force for the fast internalization of PDI-pfp, and the reaction between PDI-pfp containing pentafluorophenol active ester groups and amino groups on the surface of cells assists the process. 31 
■ CONCLUSIONS
In summary, a new water-soluble reactive perylene tetracarboxylic diimide derivative, PDI-pfp, with pentafluorophenol active ester on the ends of the backbone was designed and synthesized. The alkoxy chains efficiently enhanced the solubility of PDI-pfp in aqueous solution. PDI-pfp exhibited low cell cytotoxicity and realized rapid imaging of the endoplasmic reticulum (ER) of living cells. The high reactivity between pentafluorophenol active ester groups and amino group on the cell surface led to the fast uptake of PDI-pfp into cells even within 1 min. PDI-pfp exhibited generality of rapid imaging toward different types of cells, including cancer cells (MCF-7 and HeLa cells) and normal cells (293T cells). This fluorescent probe is of great potential for application in the rapid imaging of organelles in cells.
■ EXPERIMENTAL SECTION
Materials and Measurements. All chemicals were procured from Sigma-Aldrich Chemical Company, J&K Chemical Company or AMRESCO and used as received. All organic solvents were purchased from Beijing Chemical Works and used without further purification. NH 2 -PEG 10 -COOH were purchased from Yanyi Biotech Company Shanghai. Dulbecco's modified Eagle's medium (DMEM) was purchased from HyClone/Thermo Fisher (Beijing, China). (3-(4,5′-Dimethylthiazol-2′yl)-2,5-dipehenyl-2H-tetrazolium hydrobromide) (MTT) was purchased from Xinjingke Biotech (Beijing, China) and dissolved in 1× phosphate-buffered saline (PBS) before use. The 1 H NMR and 13 C NMR spectra were recorded on Bruker ARX 300 and ARX 400 instruments with tetramethylsilane as the internal standard. High-resolution mass spectra (HRMS) were taken on a Bruker 9.4T Solarix FT-ICR-MS spectrometer. The UV−vis absorption spectrum was measured on a JASCO V-550 spectrophotometer. The fluorescence spectrum was taken on a Hitachi F-4500 fluorometer equipped with a Xenon lamp excitation source. Absolute fluorescence quantum yield was measured on Hamamatsu absolute photoluminescence quantum yield spectrometer C11347. The MTT assay was performed on a BIO-TEK Synergy HT microplate reader. Cell counting was performed on an automated cell counter (Countess, Invitrogen). Cell imaging was recorded by a confocal laser scanning microscope (FV 1000-IX81, Olympus, Japan).
Synthesis of Compound PDI−COOH. 3,4,9,10-Perylenetetracareboxylic dianhydride (254.89 mol, 100 mg), imidazole (36 mmol, 2.5 g), and NH 2 -PEG 10 -COOH (764.68 mol, 404.99 mg) were mixed together in a 10 mL flask. The solution was heated to 130°C and refluxed for 5 h. The resulting mixture was cooled down to room temperature. After adding 5 mL of chloroform and 5 mL of 1 M HCl under sonication, the mixture was extracted with chloroform for three times. The combined organic layer was washed by 1 M HCl (5 mL × 3) and dried with anhydrous Na 2 SO 4 . The mixture was concentrated and filtrated to remove the solids. Then, the solvent was removed by vacuum, and the residue was a red oily liquid (yield: 254.2 mg, 70%). was then added to the reaction mixture at low temperature using an ice bath, followed by the dropwise addition of DMAP (5.7 mg, 46.69 mmol). The reaction mixture was stirred overnight to ensure the completion of the reaction. Afterward, the reaction mixture was extracted by dichloromethane (20 mL × 3), and the combined organic layer was washed with distilled water (20 mL) and NaCl saturated solution (50 mL) separately. After drying with anhydrous Na 2 SO 4 , the solvent was removed, and the residue was purified by silica gel chromatography using dichloromethane/methanol (20:1) Optical Experiment. First, 10 μM PDI-pfp and 10 μM PDI−COOH in aqueous solution (with DMSO less than 1% to improve the water dispersibility) were separately used to investigate the photophysical properties, and the UV−vis absorption spectra and fluorescent emission spectra (excited at 507 nm) were obtained. The absolute fluorescence quantum yield of PDI-pfp in distilled water was measured at an excited wavelength of 507 nm.
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Cell Viability Assay. Breast carcinoma cells (MCF-7 cells) were cultured in DMEM with 10% fetal bovine serum (FBS) at 37°C under 5% CO 2 atmosphere. The cells were seeded in a 96-well culture plate at a concentration of 8 × 10 4 cells per mL and grown for 24 h. After washing with Hank's balanced salt solution (HBSS), different concentrations of PDI−COOH and PDI-pfp dissolved in HBSS were added separately. Addition of HBSS was considered as the blank group. This was followed by washing with PBS and adding culture medium again. After incubating for 24 h and abandoning the culture medium, 100 μL of 1 mg mL −1 MTT in HBSS was added into each well and incubated at 37°C under 5% CO 2 atmosphere for 4 h. The supernatant was discarded, followed by the addition of 100 μL of DMSO per well to dissolve the formazan. A microplate reader measured the absorbance value of each well at a wavelength of 520 nm. The cell viability rates were calculated with the following equation
where A is the absorbance value of the experimental group to which was added PDI or PDI-pfp. A b is the absorbance value of the group without cells. A 0 is the absorbance value of the control group with cells to which was added HBSS alone. Localization Analysis of PDI-pfp in MCF-7 Cells. PDIpfp was dissolved to prepare 10 μM solution in HBSS. First, 1 μM ER Tracker Red solution was prepared with HBSS. MCF-7 cells were incubated in 35 × 35 mm plates. After washing with HBSS twice, MCF-7 cells were incubated with 1 μM ER Tracker Red solution for 30 min. Then, the supernatant was discarded before washing with HBSS again. MCF-7 cells were incubated with 10 μM PDI-pfp solution for 30 min. Cells were washed with HBSS followed by adding serum-free culture medium, and then the fluorescence images of MCF-7 cells were recorded by CLSM; PDI-pfp and ER Tracker was, respectively, excited at the wavelengths of 488 and 559 nm.
Cell Imaging with PDI-pfp and PDI−COOH. Human cervical carcinoma cells (HeLa cells) and human epithelial cells (293T) were cultured in DMEM with 10% FBS at 37°C under 5% CO 2 atmosphere. Then, 5 μM and 10 μM of PDI−COOH and PDI-pfp solutions were prepared with HBSS, respectively. MCF-7 cells, HeLa cells, and 293T cells incubated in 35 × 35 mm plates were washed with HBSS twice before using. Washed MCF-7 cells were incubated with 5 and 10 μM of PDI−COOH and PDI-pfp solutions at 37°C for 30 min. In addition, washed MCF-7 cells, HeLa cells, and 293T cells were incubated with the addition of 10 μM of PDI-pfp solutions at 37°C for 1, 5, 10, 30, and 60 min. Discarding the supernatant and washing with HBSS twice was followed by adding serumfree culture medium, and then the fluorescence images of cells were recorded by CLSM using 488 nm as excitation wavelength.
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